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The contribution of auditory beats to the perception of target sounds differing from an interfering
background by their frequency modulatigfM) pattern or by a difference in fundamental
frequency(F,) was investigated. On each trial, test sounds composed of a single, second-order
formant were embedded in harmonic backgrounds and presented in successive intervals. The center
frequencies of these “normal” formants differed across intervals. Subjects were to decide which
interval contained the test formant with a center frequency matching that of an isolated target
formant presented before each test stimulus. Matching thresholds were measured in terms of the
width of modulation for FM stimuli or the mistuning of they's of unmodulated test formants
relative to that of the background. Beats may have allowed the identification of the spectral region
of the target in both experiments. To reduce interactions between test and background components,
matching thresholds were measured for “flat” formants composed of two or three equal-amplitude
components embedded in a harmonic background in which components corresponding to those of
test formants were absent. These measures were repeated with the addition of a pink noise floor.
Matching was still possible in all cases, though at higher thresholds than for normal formants.
Computer simulations suggested that the modulation depth of envelope fluctuations within auditory
channels played a significant role in the matching of target sounds when their components were
mixed in the same frequency region with those of an interfering sound, but not when the target and
background components were separated by as much as 250 Hz, tighe stimulus. ©1996
Acoustical Society of America.

PACS numbers: 43.66.Mk, 43.66.Jh, 43.66.Lj, 43.66[Did~]

INTRODUCTION ity or polyperiodicity that it producesSummerfield and
. Culling, 1992 or to an increased salience of modulated
Two frequency-based stimulus parameters have beef, el componentéCulling and Summerfield, 1995
studied as potential cgntributors to the perceptual segregation Polyperiodicity(Marin, 1993, or the presence of several
of concurrent harmon!c sound sodrces, namely the coheren feriodic sounds with different periods that are not integer
of frequency modulation patterns in the two sounds and th ultiples of one another, has also been tested by several

difference in their fundamental frequencies. HelthItZinveSti ators. Polvperiodicity is usually produced experi-
(18895 advanced the idea that nonparallel pitch movements g ’ yp y y p P

help the auditory system to separate concurrent SounQentally by introducing a difference between the fundamen-

sources. Coherent modulation maintains the frequency ratiqéI frequencies(Fy) of two or more harmonic complexes.

among components. It has been shown that the presence € d'.?fem'ﬂcat't? n of twoh5|_multaneo'l$s VOX’SS Improves as
frequency modulatiofiFM) contributes to the segregation of the difference between their respectlig's (AF) increases

several concurrent harmonic or inharmonic spectra, whethdfom Z€ro .to one or two semitoné8%-12% (e.g., Schef-
they are all modulated coherently or n@Bregman and fers, 1983; see de Cheveigetal.,, 1995 for a review. How-

Doehring, 1984: Marin and McAdams, 1990; McAdams, €Ver: Chalikia and Bregma(1989 found that segregation
1984, 1989. However, recent work demonstrates thdfy ~ Was more difficult for aAF, of an octave than for a separa-
subjects are not able to use FM coherence to group frequendipn of 0.5 or 6 semitones. This result suggests that it is not
components coded in separate auditory channels in the aBImPly AFo, but perhaps polyperiodicity or harmonic non-
sence of some form of within-channel c@i@cAdams and coincidence(de Cheveignel993 that is responsible for the
Marin, 1990; (2) they cannot detect whether FM across au-pPhenomenon: The combination of two harmonic sounds
ditory channels is coherent or incoherent in the absence of $eparated by an octave gives a waveform with a single pe-
within-channel cue(Carlyon, 1991, 1992 and (3) in the riod. Indeed, work by Marin1996 is consistent with this
segregation of simultaneously presented vowels, the contrhypothesis.

bution of FM may be due primarily either to the inharmonic- The research reported here studied the possibility that
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AFqand FM may give rise to other auditory cues that can bébedded formant in the absence of FMX¥F, cues, the back-
used in situations in which listeners are trying to decidegrounds were designed to have spectral envelopes that were
whether or not a target sound with known properties is emthe inverse of those for their respective test formants. Both
bedded in a complex background sound. Two of the experitest formants and background sounds were derived from a
ments reported belogexperiments 1 and)4ormed part of a  harmonic series with a homin&l, of 250 Hz.

larger series of experiments that employed a task in which

sgbjgcts were to match one of two test formants embeddeg Single-formant test sounds

within background sounds to an isolated target formant
(Marin, 1991. These two experiments were concerned with  Single-formant sounds were used whose central frequen-
the segregation cues frequency modulation and polyperiocties(CF) were situated within the range of frequencies found
icity’ respective|y_ FM may reduce to p0|yper|od|c|ty in for the first three formants of the vowels /i/, /e/, /al, /ol, Iul.

stimuli with few components in which those with different The spectral envelopes for the formants in experiments 1 and
FM patterns do not stimulate the same auditory filters. Fur# were derived from those of second-order bandpass filters.

ther, polyperiodicity is a potent cue for perceptual segregalhe CFs used were 325, 700, 1150, and 1700 Hz. Their
tion of concurrent harmonic sounds. However, both cuegespective bandwidths were 50, 60, 90, and 100 Hz measured
may also provide important temporal information that can beat —3 dB from peak or 130, 160, 240, and 265 Hz measured
used by top-down selection processes in deciding whether @t —10 dB from peak.

not a given target sound is likely to be embedded in a given ~ The formants used in experiments 2, 3, 5, and 6 were
background sound even in cases where that sound is not fulfyflat” formants composed of two or three equal-amplitude
segregated. Indeed, while conducting experiments 1 and 4 é@rmonics. Their center frequencies were 375, 750, 1250,
the present series, it was noted that for both cues, the con’d 1750 Hz. These center frequencies were chosen to be
ponents of the test formant and background sounds inteflose to those of the “normal” formants. The 375-Hz for-
acted with one another and created auditory beats, or rougfdant was the only one to have two components and its CF
ness. The research presented here investigated th¢as the mean of the frequencies of the first two harmonics.
contribution to target matching performance of amplitude en-

velope fluctuations produced by these parameters. Accortb, gackground sounds

ingly, four additional experiments were performed. Experi- .
ments 2 and 3 studied frequency modulation in stimuli in Each test sound had a different background. For the nor-

which beats were considerably reduced. Experiment 5 inveépal formants in experiments 1 and 4, the formant peak in the

; o ; - o .. test sound was a valley in the background and vice versa. In
tigated the polyperiodicity cue with stimulus conditions simi-
g polyp Y this way, if the formant and the background had the s&ge

lar to those in experiment 3. In addition, computer simula- ) } )
tions of peripheral auditory filtering were performed to and starting phase and neither was modulated in frequency,
g.'he global spectral envelope would be flat.

model the degree to which auditory beating was present i P .
the different stimulus conditions investigated. Finally, ex-, The backgrounds for the “flat” formants were designed

periment 6 sought to determine the amplitude modulatiod” the same way. They were composed OT the harmonic se-
depth at which subjects were able to detect the frequenc2es with components situated on each side of the compo-
region in which the interactions occurred when AM was the ents of the flat formanF, but were completely missing the
only available cue. These latter results are then used ggemponents corresponding to those of the formant.
evaluate the potential contribution of envelope fluctuations in

the five other experiments. 3. General characteristics

The duration of each sound wd s including 200-ms
I. GENERAL METHOD linear rise and fall ramps. The rise and fall of test formant
Each trial consisted of two pairs of sounds presentednd background were synchronous. The combined spectrum
sequentially. The first sound of each pair was a target forcontained 16 harmonics added in sine phase, the highest fre-
mant presented in isolation and the second sound containedjalency thus being 4 kHz.
test formant with either the same or a different formant cen-  With the exception of stimuli for experiment 6, sound
ter frequency and was embedded in a harmonic backgrounéiles were synthesized with the Csound progrévtercoe,
The subject was required to designate the pair in which thd986 on a VAX 11/780. An additive synthesis algorithm
isolated target and embedded test formants were identicalvas used in which each frequency component was generated
Frequency modulation depth and mistuning of the test forby a digital oscillator whose amplitude and frequency were
mantF, relative to that of the background were varied andcontrolled in a continuous fashion. The spectral envelopes
threshold target matching performance was determined usirfgr the stimuli of experiments 1 and 4 were stored as inter-
an adaptive tracking procedure. polated table look-up functions, the amplitude of each com-
ponent being determined by its instantaneous frequency. The
stimulus waveforms were digitally synthesized at a sampling
The stimuli for the experiments presented here wereate of 10 kHz. All calculations took place in 32-bit floating-
composed of a formant and a sound whose function was tpoint format and the waveform was then stored in 16-bit
be a background. In order to obtain a stimulus in which thanteger format on disk. Each stimulus was transferred to the
spectral envelope would give no information about the emhard disk of a Macintosh Il which controlled the experiment.

A. Stimuli
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For experiment 6, stimuli were synthesized in real-timeexperimental runs that were too long, due to a small step size
at a sampling rate of 12 kHz with a DSP cai®mith and or a large range for the adaptive procedure, these parameters
Chervin, 1988 controlled by the Macintosh II. Calculations were fixed separately for each subject in each experiment
took place in 24-bit integer format and were output in 16-bitand are reported below. The tracking procedure started at the
integer format. specified maximum value and remained there until the sub-

In all experiments, digital waveforms were converted toject made a correct response. When a subject’'s tracking
analog signals through Burr—Brown 706 DACs. The signalstayed too close to the top or bottom of the range, the run
was passed through two Rockland 432 low-pass filters iwas rejected and the values were readjusted.
series, each giving-48-dB/oct attenuation. The cutoff fre- Within each experimental run, the trials composing the
guencies were set at 40% of the sampling rate. The filterettacking procedure for the different target formants were in-
signal was amplified with an MB Systems 105a power am-+erleaved in a random fashion. If threshold was determined
plifier and presented diotically over Beyer DT48 earphonedor a given target before that of the others, trials containing
at a level of 75 dBA(experiments 1, 2, 4, and 6r 59 dBA  that target at the threshold value continued to be presented,
(experiments 3 and)5To verify the presentation level, each though further data were not recorded for it.
earphone was connected via a flat-plate coupler to a Bruel & At the beginning of each run, subjects were allowed to
Kjaer 1209 sound level metdA-weighting. The subject listen at will to pairs of stimuli that were to be presented in
was seated in a Soluna SN1 double-walled sound attenuatidghe experiment, so that they could easily associate the iso-

booth during the experiment. lated target with the test formant of identical CF embedded
in the background and distinguish it from the embedded test
B. Experimental procedure formant with a higher CF. The target CF could be changed

Two pairs of tones were presented in each trial separatel&y pressing a button. These pairs were presented at t.he high-
by a 400-ms silence. Each pair was composed of an unmod st valug of the dependent variable that had been fixed for
lated, isolated formant that we call the target formant, fol-t at subject. .
lowed by a 200-ms silence and then a compound stimulus _A strong Iearnmg'effect was opserved at the outset Of.
comprising a test formant and its corresponding backgroun(}est'mg. Therefore subjects were trglned for several runs until
The test formant differed from the background in a way tha hel_r thresholds appeared to stabilize. Only the last (@0
depended on the experiment. In experiments 1-3, its Compé)_er!ments 1-Bor f'\./e (experiments 4—)6ru_ns for each ex-
nents were modulated sinusoidally in frequency while thosé)erlment were retained for further analysis.
of the background were unmodulated. In experiments 4 and
5, it differed statically inF, from the background. In experi- C. Subjects

ment 6, its components were modulated in amplitude while Eight subjects with normal hearing according to self-
those of the background were unmodulated. In one pair, thgaport (including the two authojsparticipated in experi-
target and test formants had the same CF, and in the othehents 1-3 and were paid for their services on an hourly
the test formant was the next highest neighbor of the targ&dasis (excluding the authojs Five of these(including the
formant in terms of CF. In experiments 1 and 2 for example qythorg participated in experiments 4 and 5. Only the au-
if the target CF was 700 Hz, the next highest neighbor's Chnors served as subjects in experiment 6. The ages of the

was 1150 Hz. The isolated targets presented in the two paii§pjects ranged from 18 to 36 yednsean 24.7 yeajsFive
were identical. The order of the two pairs was randomizedyere female and three were male.

Subjects were required to decide if the pair in which the
target and test formants were the same was in the first q
second interval2l,2AFC) and to press the appropriate but-
ton on a response box. They were told that their judgmenta Experiment 1: Normal formants
should focus on detecting the timbre of the target formant o
embedded in the background. Feedback was given concerd: Stimuli and method
ing the correct response by way of lights on the response The components of the embedded formant were modu-
box. lated sinusoidally at a rate of 5 Hz. The modulation wave-
A one-up/two-down tracking proceduréevitt, 1971)  form always started in sine phase. Target formant CFs of
was used to determine the 70.7% threshold of target matct825, 700, and 1150 Hz were used. These could be compared
ing. The dependent variabi{percent rms frequency modula- with test formant CFs of 325, 700, 1150, and 1700 Hz. The
tion width, difference in fundamental frequency, or rms am-percent rms modulation width required for threshold was de-
plitude modulation indexwas varied linearly as a function termined from the last 12 of 16 turnarounds in the adaptive
of subjects’ responses. For each target formant, 12 or 1frocedure for eight subjects.
turnarounds in the adaptive procedure were recorded. The Starting(maximun) value and stepsize for the adaptive
first four were discarded, and the means and standard deviprocedure were adjusted for each subject during the training
tions of the remaining 8 or 12 were calculated. The meamphase. The range of maximum values in the final two runs
was taken as an estimate of the matching threshold for theetained for analysis was 1.06%—-4.24%. The range of step-
run. sizes was 0.07%—0.28%. For two subjects different maxima
During early testing, it became apparent that differentand stepsizes were used for the two lowest and for the high-
subjects did not have the same thresholds. In order to avoiest target formant.

EXPERIMENTS ON FREQUENCY MODULATION
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ence due to a modulation phase delay on the middle compo-

Normal f t
@~ Normal forman nent of a three-component complex.

-O- Fiatformant

L3 Flatformant It is likely that the perception of low-rate beating in-
e plus noise floor duced by frequency modulation in this experiment was a
’ contributing factor in target formant matching by allowing
1.4 1 subjects to detect the frequency region where the formant
. was situated. Low-rate beating has several sources in these

stimuli, three of which include the following.

-
I

(1) Within-channel interactions between nearby test and
background components, the beat frequency of which
would vary over time as the components converged,
crossed, and diverged again. For a given difference be-
tween the fundamental frequencies of test formant and
background, the beat rate would be higher for higher CF

—————————r ——— formants since the maximal frequency difference is pro-

250 500 750 1000 1250 1500 portional to the harmonic rank.

Target formant CF (Hz) (2) Amplitude modulation induced by tracing the formant
spectral envelope, which would have the greatest modu-

Threshold modulation width (% rms)
o (=4 (=]
» o ®
L ] 1

o
N
P

o

FIG. 1. Summary of frequency modulation results for experiments 1-3 lation depth on the flanks of the formant peak
(normal formants, flat formants, and flat formants plus noise floor, respec- )

tively). Mean target matching thresholds, expressed as percent rms modulgg’) Amplitude modulation induced by components situated

tion width, are plotted as a function of target formant CF. Some means do  in the skirts of auditory filters.

not include values for subjects unable to attain threskede text Vertical .
bars represent one standard error of the mean. The first two of these sources can be reduced by replac-

ing the second-order “normal” formants by two- or three-

component “flat” formants. The frequency separation be-

tween test and background components is thus increased and

The means of the last two runs across subjects are preomponent amplitudes no longer change vith(i.e., enve-

sented in Fig. Ifilled circleg for each formant. Matching lope tracing is eliminated This modification was studied in

thresholds for all targets were situated between 0.13% anBxperiment 2.

1.46% rms frequency modulation width. Formants with

lower CFs had higher threshol@3.76% and 0.69%than the B, Experiment 2: “Flat” formants

one with the highest CK0.35% as revealed by Tukey— o

Kramer comparisons on means for each formant across sutj: Stimuli and method

jects and repetitiongthe critical difference ap=0.05 was Experiment 1 was replicated with three “flat” formants

0.32. as targets. All eight subjects in this experiment had partici-
pated in experiment 1. The startifghaximun) values of
rms FM width used in the adaptive procedure ranged from

3. Discussion 1.0% to 4.2%. The stepsizes ranged from 0.14% to 0.28%.

2. Results

The thresholds in this experiment were higher than the
mean frequency modulation detection threshol@MT) 2 Results
found in studies that did not have embedded components: Matching thresholds are presented in Fig.(dpen
0.09% rms by Hartmann and Kle{#n982) and 0.18% rms by circles. Even when low-rate beats were greatly reduced,
McAdams (1984, Appendix . Some thresholds, however, subjects were still able to match the correct embedded test
were lower than the mean 0.44% rms threshold measured Hgrmant to the target formant. Individual mean thresholds
Demany and Semall989. Thus, with one possible excep- varied between 0.19% and 3.43%. The effect of target for-
tion, the FM should have been easily detectable at matchinpant CF varied a great deal across subjects. The highest
threshold, though detectability is clearly not sufficient to per-formant had the lowest threshold for three subjects, but had
form the present task. the highest threshold for three others. A threshold was not

The matching thresholds found here are roughly equivameasurable for one subject with the 1250-Hz target and for
lent to detection thresholds found for a frequency modulatioranother with the 375-Hz target, even after several hours of
incoherence discrimination task by McAdams and Marintraining and maximum rms FM widths of up to 5.7%. In
(1990 for similar multicomponent targets. The task in that Tukey—Kramer comparisons between thresholds for the
experiment was to detect which of two intervals containedhree formants, none of the global differences were found to
incoherent, aperiodic modulation functions on two subsets obe significant(the critical difference ap=0.05 was 0.76 for
components. In the earlier study however, thresholds in375 vs 1250 CFs and 0.73 for the two other comparisons
creased for higher CF targets rather than decreasing as in the In order to compare the data from experiments 1 and 2
present experiment. The thresholds of the current experimeriFig. 1, filled versus open circlgsan analysis of variance
are smaller by a factor of 3 than Carlyori®991, experiment with factors formant typénormal versus flat formantstar-
4) thresholds for discrimination of sinusoidal FM incoher- get formant CF, and repetitions were performed on the mean
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matching thresholds for all subjectwith missing data for produced would be very weak. The possible further reduc-
two subjects in experiment)2The main effect of formant tion of beats between partially resolved test and background
type was highly significanfF(1,80=9.95, p<0.005 and components and between stimulus components and CTs by
the interaction between formant type and target formant CEhe introduction of a noise floor was investigated in experi-
just attained significancg-(2,80=3.14, p<0.05]. Planned ment 3.

comparisons between experiments for each formant CF

showed no difference between the 325-Hz.for'mant and the Experiment 3: “Flat” formants in the presence of a

350-Hz flat forman{F(1,80=0.029, n.g, a significant dif-  pink noise masker

ference between the 700-Hz formant and the 750-Hz flat for-

mant[F(1,80=5.77,p<0.05], and a highly significant dif- 1. Stimuli and method

ference between the 1150-Hz formant and the 1250-Hz flat Experiment 2 was replicated with a level of 35 dB/

formant[F(1,80=10.58,p<0.005. component. A pink noise floofslope of —3 dB/oct in the
power spectrumwas added to the harmonic signal. Its spec-
3. Discussion trum level was estimated at approximately 8 dB at 250 Hz, 5

The difference in formant shape had an effect on threshdB at 500 Hz, 3 dB at 1 kHz, and 0 dB at 2 kHz. The
olds only for the highest CFs. This effect can be explained irfStimated level was 25.1 dB in an equivalent rectangular
two ways. The larger spacing between formant and backband centered on 250 Hz, 23.5 dB on 500 Hz,_ 23._7 dBon1l
ground components in flat-formant stimuli eliminated thekHz and 23.8 dB on 2 kHz. If the level of cubic difference
low-rate beats between them. Auditory channels in the vicin{Ones in the vicinity of the harmonic components was 20 dB,
ity of higher CFs contain a larger number of stimulus com-the majority of them would be just at masked threshold, pre-
ponents, so it is logical that thresholds for those CFs wer&UMing about a 4-dB surplus in noise power is necessary for
more affected by the change in formant shape. The amp“r_nasklng. The noise and harmonic signals were played s_lmul-
tude of AM induced by envelope tracing in experiment 1 wasi@neously and were gated synchronously with 200-ms linear
also largest at high CFs, so the elimination of that effecf@mps. All eight subjects had participated in experiments 1
should mostly have affected thresholds of high-CF formants@nd 2. The startingmaximum) values of rms FM width used
These results thus suggest that FM-induced AM cues proll the adaptive procedure ranged from 1.1% to 4.2%. The
duced by either of the two mechanisms, or both, were inStepsizes ranged from 0.14% to 0.28%.
volved in formant matching. The fact that matching was still
possible(albeit reducegfor flat formants suggests that the 2. Results
third mechanism of FM-induced AM may also be involved. The data are summarized in Fig(dpen squarésIndi-

Interactions between adjacent components of the modyjiqy a1 mean thresholds for target formant matching varied
lated test formant and unmodulated background that stimUsanveen 0.22% and 3.29%. A threshold could not be mea-
lated the same auditory channels may have persisted in the, o for one subject with the 375-Hz target. Tukey—Kramer
stimuli of the present experiment, particularly for the higher,marisons among thresholds for the different target CFs
CF formants. They would have a relatively high rate arouno¥evealed no significant differencéthe critical difference at

250 Hz with a superimposed 5-Hz periodicity due to the,_q o5 was 0.94 for 750 vs 1250-Hz CFs and 0.97 for the
varying mistuning of the harmonic ratios by the FM. In the ;o qther comparisons

auditory channels in the region of the modulated test com- 5 comparison of the data for experiments 2 an¢FR.

ponents, a further cue could be fluctuations in activity in—l, open circles and squajagvealed that the introduction of

duced by the back and forth motion of the excitation enve, qiqe fioor did not increase thresholds. An analysis of vari-

lope. The lack of change of thresholds for the lowest CFynce(with missing data for two subjects from experiment 2

target suggests that envelope tracing and local componegf, one from experiment n factors stimulus typéith or
beating did not contribute in the first place at_thls CF or thatithout noise flooy, target formani3 CF9, and repetitions
another, equally potent, cue, such as AM induced by thgp) confirmed that neither the main effect of stimulus type
auditory filters, was used. The co_ntnbunon of this source ofor its interaction with formant CE were significdift(1,78
AM can be gvaluateq by comparing the FM data with those:O_07'F(2’78):0_52’ respectively
obtained using a static mistunirigee Sec. I\

In the stimuli of the present experiment, beats may also .
have been caused by the presence of combination t@#®s S Discussion
(Goldstein, 1967; Plomp, 19¥:6nonlinear distortion prod- The inclusion of a noise floor to mask combination tones
ucts created by the background components may have inteand small regions of interaction between adjacent, partially
acted with the test formant components and vice versa. Onesolved components did not produce an increase in thresh-
can eliminate the difference toné,(- f,) by presenting the olds for flat formant stimuli. There are two possible reasons
stimuli at a spectrum level below 50 dB SPL. The level offor this result. One is that the matching of target formants
the most intense higher-order CT {2-f,), whenf, andf, measured in the previous experiment does not result from
are adjacent components, is less than that of either compdhese cues. The other is that the noise floor did not reduce
nent by about 15 dB and could thus be masked by a noiskw-rate beating cues due to CTs or higher-rate beating cues
floor (Plomp, 1976. Further, given the level difference be- resulting from time-varying mistuning of harmonic relations
tween stimulus components and possible CTs, any beatingetween test and background components. The presentation
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of noise at a level sufficient to mask the CTs may not guar-

antee that they no longer created beating interactions with ~@- Noma formant

Flat formant
11

the audible stimulus components. plus noise floor
The possibility that cues such as AM induced by audi- 16
tory filter skirts resulting from frequency modulating the test 1.4 1

formant components contributed to target matching can be
partially evaluated by comparing these data with those ob-

tained from similar stimuli in which a static mistuning is f% 11
applied to the components of the test formant. This stimulus 3 45 4
modification was performed in experiments 4 and 5. g o
g 967
£ |
Ill. EXPERIMENTS ON POLYPERIODICITY " 04
A. Experiment 4: Normal formants 0.2
1. Stimuli and method 04— et
The F, of the embedded test formant was equal to or 250 500 750 1000 1250 1500

greater than that of the background. The isolated target for- Target formant CF (Hz)

mant Was not shifted if¥. Five subjects part|C|pa_ted in the FIG. 2. Summary of polyperiodicity results for experiments 4nbrmal
experiment, all of whom had taken part in experiment 1. formants and flat formants plus noise floor, respectiveMean target
Certain modifications were made to shorten the procematching thresholds, expressed as percent difference in fundamental fre-
dure in this experiment. Only 12 turnarounds were recordegUency. are plotted as a function of target formant CF. Vertical bars repre-
. . ) . . sent= one standard error of the mean.
in the adaptive procedure, the last eight being used to com-
pute the threshold. The step size in the first two turnarounds
was four times the final one and that in the second two turn: .
. ) ! ; threshold may be related to the task demands. In the studies
arounds was two times the final one. The final stepsize re-. . . i .
. . .. _cited, subjects were required to identify vowels. In our ex-
mained constant for the last eight turnarounds. In addition, . : : . .
periment, with presentation of an isolated target formant im-

only the isolated target CFs of 325 and 1150 Hz were StUdFnediately prior to the test stimulus, the decision concerning

led. Subjects began by doing six runs. The results of the first hich test stimulus contained a formant matching the target

run were not analyzed. If the interval between the h|ghesWould have to have been based (@mst likely timbra) cues

and lowest thresholds over five consecutive runs was great%% : :
o . ! ! at signaled the frequency region of the test formant. These
than a criterion value of 1.5 times the final stepsize, the sub-

ject was required to complete additional runs until this crite-CUES Were quite likely derived from beats created in the re-

) : : gion of the test components by interactions with background
rion was met. The analysis was performed on the last fiv .
funs components. It should be noted that in the absence of the

e siaringmaximun vlues oAF, usea e agap- DSCKUTUTS 10K € 1, Hovever even sy
tive procedure were 0.2% and 2.0%. The stepsizes were 9 P y

0.01% and 0.1%. For four subjects, the lower values Wergramed temporal interactions to perform the task, especially

. when the component spacing is small on the basilar mem-
used for the 1150-Hz formant and the higher values for thi’ffrane as is the case with the higher CF formant. This effect

325-Hz formant. For one subject the lower value was use ) . L2 X

for both formants. may result from |_nteract|ons similar to those described for
mistuned harmonics by Mooret al. (1985 and Hartmann

et al. (1990.

) o It is interesting to compare the thresholds for this experi-

Mean threshold~, separations are presented in Fig. 2 ment with those obtained in experiment 1. Assimilating rms
(filled circles. The values are expressed as percent differngdulation thresholds measured in experiment 1 and the
ence between test formant and backgroéigs. The mean  AF . thresholds from experiment 2 to the same dependent
thresholds for individual subjects lie between 0.03% and,grigple, a repeated measures ANOVA was performed on the
0.89%. Thresholds for the lower CF formant were highermean data across repetitions for the five subjects that com-
than those for the higher formant as in experiment 1. Thi%)leted both experiments, with factors cue tyf® vs AF )
difference was highly significant in a pairedest on mean ypq target formant325 vs 1150 Hg The effect of target CF
threshold estimates for the five subjeft&l)=3.3, p<<0.05]. was significant[F(1,4=32.2, p<0.005, but neither cue

) ) type nor its interaction with target CF were significant
3. Discussion [F(1,4=2.4 andF(1,4=0.7, respectivelj’

The formant matching thresholds obtained in this experi-  For the AF, stimuli of experiment 4, the beat rate be-
ment are much smaller than the 2%—&%, found by other tween adjacent components of test formant and background
studies to be necessary to give improved identification ofvould be equal to the local frequency difference between the
embedded vowel&Chalikia and Bregman, 1989; Culling and interacting components. The amplitude modulation depth
Darwin, 1993; Cutting, 1976; de Cheveigma al, 1995; created by their interaction would be a function of their rela-
Gardner and Darwin, 1986; Lea, 1992; Scheffers, 1983tive amplitudes, being greatest if their amplitudes were equal
Summerfield and Assmann, 199This sizable difference in and decreasing monotonically as a function of their differ-

2. Results
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ence. In order to evaluate the potential contribution of thes¢éurbing interactions between more distant, partially resolved
interactions to target matching performance, the frequencgomponents with a noise floor, subjects matched embedded
difference between adjacent components of test and backermants at relatively smak, separationg<1.5% on aver-
ground components was increased and pink noise was addede and rms FM widthg<1% on average

in experiment 5. To compare the results for FM antiF, stimuli, the
mean thresholds across repetitions for the two target for-

B. Experiment 5: “Flat” formants in the presence of a mants and five subjects common to experiments 1, 3, 4, and

pink noise masker 5 were submitted to a three-way analysis of variateih

1. Stimuli and method missing data in experiment 3 and outlying data removed in

i o i . experiment 5 as beforeThresholds for FM stimuli were
Experiment 4 on polyperiodicity was replicated using gynressed as rms modulation width. The independent vari-
flat formats (target CFs of 375 and 1250 Hand a pink  apieq were cue typéFM vs AF,), stimulus type(normal
noise floor as in experiment 3. Stimuli were presented at g,rmant in quiet vs flat formant in pink noiseand target
level of 35 dB/component. The five subjects participating ing, mant CF(325/375 vs 1150/1250The main effect of cue
this expe_rlment h_ad participated in all the o_ther experm_"nentstype was not significar{tF (1,3)=0.18]. The main effect of
The starting(maximum) values ofAF, used in the qdapt|ve stimulus type was significafif (1,3)=11.31,p<0.005), re-
procedure ranged from 0.2% to 8%. The step sizes rang&h ting the fact that the thresholds for normal formants in
from 0.01% to 0.4%. For some subjects the maximum valueg jiet are lower than those for flat formants presented in noise
and stepsizes were different for the two target formants. . 0<s poth cue types. From comparisons of differences be-
tween thresholds for the two stimulus types, it appears that
2. Results the use of flat formants against a pink-noise floor impairs
Mean thresholds are presented in Figopen squargs  target matching performance more for statically mistuned
Individual formant matching thresholds lie between 0.10%test formants than for test formants with frequency modula-
and 2.98%F, separation. Even when potential beating wastion at the low CF targeftt(4)=3.6, p<<0.05]. At the higher
greatly reduced by separating test and background compd&sF target there is no difference between FM &g, stimuli
nents in frequency and a noise floor was added, subject$(3)=0.7, n.s., missing data for one subject
were still able to match the embedded test sounds to the The larger effect of changing from normal formants in
target formant, though matching thresholds were quite variquiet to flat formants in pink noise faxF, stimuli compared
able across subjects and target formant CFs. to FM stimuli at the lower CF suggests a difference in the
An unpairedt test on five threshold estimates for eachform of beating created by the two classes of cues. To ex-
subject(removing outlying data for one subject at the higheramine the nature of beating present in the stimuli for the first
CF target) showed that the difference between mean threshfive experiments, and to estimate the relative amount present
olds for the two formants was highly significdnf43)=6.12,  under the different experimental conditions, we performed a
p<0.0001. computer simulation of auditory filtering and devised a mea-
All subjects’ thresholds obtained in this experiment weresure of within-channel fluctuation of activity.
higher than those from experiment 4 using normal formants
and no masking noise. An analysis of variance on factorsV. COMPUTER SIMULATION OF AUDITORY BEATS
stimulus typg(2), target formant2) and repetitiong5) (with
outlying data removed for one subject as befarenfirmed
that theAF thresholds were lower for normal formants than
for flat formants in nois@F (1,75 =46.02;p<0.0001. How-
ever, the interaction between stimulus type and target for

mant CF was also significaff (1,79=11.28,p<0.00, in- ters on and between componeritthn an ERB-rate scale,

Fiicating that the decrease in threshold that accompanigd "’_@Iasberg and Moore, 199 the frequency region around
Increase in .target CF was greater for the flat formapt St'r,nu“the test formant, and then extracting the envelope of the re-
with the noise floor than f_or the norr_nal formants in quiet. sulting waveform at the output of each filter by taking the
Further, the greater reduction of beating between nearby tgfhot transform. As such the temporal resolution of the
and background components for the lower CF target Wa"énvelope was determined by the gammatone filter band-

probably rgsponsible for the Iarger threshold increase at th‘%idth. Example results of this process are shown in Fig. 3 for
CF (0.8% increasgthan at the higher CF0.3% increase an embedded, 1150-Hz CF, “normal” formant at threshold

frequency modulation width from experiment 1 and in Fig. 4
for the corresponding “flat” formant stimulus at threshold
Though it seems to help significantly, the detection offrom experiment 2.
beats produced by interacting test and background compo- To quantify the amount of modulation present in a given
nents does not appear to be entirely responsible for targetuditory channel, the rms modulation indew,,,J was com-
matching based on polyperiodicity. This conclusion can beuted as the rms amplitude of the envelope divided by its
drawn from the fact that even after reduction of low-ratemean taken over the steady-state portion of the sound be-
beats by limiting considerably the interactions betweentween 200 and 800 ms. This index gives a mean-independent
proximal formant and background components and by permeasure of variation about the envelope mean that is com-

The gammatone filter model of peripheral auditory
analysis(Patterson and Holdsworth, 1990; Pattersdral.,
1992 was used for the simulations. Synthesized stimuli from
experiments 1-5 at or slightly above mean threshold were
analyzed. The analysis consisted of centering gammatone fil-

3. Discussion
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FIG. 3. Example of envelopes of the output from gammatone filtering of a stimulus in experiment 1: a frequency modulated test sound with a normal formant
centered on 1150 Hz and an rms modulation width giving threshold mat@ingy. The waveforms represent the envelope of the auditory filter output from

200 to 800 ms in the 1-s stimulus. The auditory filter CFs are listed to the right and their placement with respect to the stimulus components is indicated. Test
componentgsolid) have been displaced with respect to background compordotted for visibility.
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FIG. 4. Example of envelopes of the output from gammatone filtering of a stimulus in experiment 2: a frequency modulated test sound with a flat formant
centered on 1250 Hz and an rms modulation width giving threshold mat¢hingg. (See Fig. 5 captioi.

parable across different, arbitrarily complex modulationFigs. 3 and 4. Note thah,,s is greatest in auditory filters
functions. To represent a sort of fluctuation profitg,,swas  centered between stimulus components. As can be seen in
plotted as a function of filter CF on an ERB-rate scale. Thes¢hose figures, the preponderance of the fundamental fre-
profiles are shown in Fig.(8) for the stimuli represented in quency(250 H2 in the envelope increases with increasing
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FIG. 5. Fluctuation profile¢rms modulation indexm,.s, as a function of auditory filter center frequency, ERB ydte the stimuli in Figs. 3 and 4 derived
from envelopes extracted from gammatone auditory filter ougwind from the same envelopes that have been low-pass filtered at 1@) & high-pass
filtered at 150 HZc).

filter CF. A corresponding increase i, is apparent in filtering removes the dc component, the envelope mean used

Fig. 5a), particularly for auditory filters centered on stimu- for calculatingm,,,s was taken from the unfiltered version.

lus components. The result of the low-pass filtering process is shown in Figs.
Of greatest interest for our concerns are the envelopg and 7 for the same stimuli in Figs. 3 and 4.

fluctuations in the region of the formant skirts for normal Of the five sources of low-rate beating mentioned above,

formant stimuli or in the region between adjacent test andyis procedure preserves all but the fourth. Compare enve-

background components in the flat format stimuli. Thesqopes for the 1620-Hz channel between Figs. 4 and 7. In this

glé;tt?fnzgi,vrgg r:z;:gt ftr:sTaSn?jVs;ilk pr%susr:zliosn?u(r)cr{me:r;ts fcpannel, the beating in the unfiltered version is carried by
9 y 9 P R|gher periodicities interacting in the envelope that are at-

normal formant stimuli witlAF, or FM (Fig. 3), (2) induced . .
0 (Fig. 3, (2 Eenuated by the filtering. To the contrary, beating due to

AM as components move along the slopes of the forman . e ]
skirts for normal formant stimuli with FMFig. 3), (3) in- nearby components in the 1250-Hz channel in Fig. 3 is pre-

duced AM in all EM stimuli as the modulated componentsserVEd in Fig. 6. Note further that the low-rate fluctuations
move along the skirts of the auditory filtefSigs. 3 and %  induced by FM in the skirts of auditory filters are very small
(4) beats of mistuned harmonic relations in regions betweeft threshold FM width¢1119- and 1370-Hz channels in Fig.
adjacent test and background components for flat formanf). The effects of filtering on the fluctuation profiles are
stimuli (Fig. 4), and(5) random envelope fluctuations due to shown in Fig. %b) and(c). Note particularly that the modu-
the noise floor. Of these five potential sources, the one mogation depth profile of lower-rate fluctuations signals the re-
likely to be affected by our choice of sine phase relationsgion of the normal formant but not the flat formant. The
among stimulus components is the fourth. The choice of ranhigher-rate fluctuations are prominent in both stimulus types.
dom phases or other low peak-factor phase relations woulth general however, differences between the patterns for nor-
decrease the modulation depth due to this cue. _mal formants are most visible in profiles derived from low-
To examine more closely the nature of beats created ”ﬂ)ass filtered envelopes.

ou_r_stlmull, fluctugtlon profiles were computed from the Results of the preceding experiments and model analy-
original envelope signals as well as from low-pass and high- . o -
es suggest that, in some cases at least, beating in specific

pass versions of the envelopes. Low-rate components include : .
requency regions may be used to perform the matching task.

sources 1-3 mentioned above, while source 4 is carried b )
higher frequencies in the vicinity oF,. Source 5 is a n these cases, low-rate sources of fluctuation seem to make

broader-band fluctuation source. A Kaiser filter with a 255-the greatest distinction between test formants. Therefore, ex-
point impulse response and a stopband attenuation of 70 dBeriment 6 sought to determine the amplitude modulation

was applied to the extracted envelopes. A 100-Hz cutoff wa#dex necessary to just match the spectral region of auditory
used for the low-pass versions and a 150-Hz cutoff was useldeats with a low-rate fluctuation pattern similar to those re-

for the high-pass versions. The rms modulation index wasealed by the above analyses, when this was the only cue
then computed on these filtered envelopes. Since high-paswailable to perform the target matching task.

1745
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FIG. 6. 100 Hz low-pass filtered envelopes for the stimulus represented in Fig. 3.
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FIG. 7. 100 Hz low-pass filtered envelopes for the stimulus represented in Fig. 4.
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V. DETECTION OF THE SPECTRAL REGION OF quency (summary data estimated from Viemeister, 1979,

AUDITORY BEATS Fig. 1). The thresholds for formant matching in the present
A. Experiment 6: Amplitude modulation of “flat” experiment are about a factor of 3 higher than Riesz’s and
formants Viemeister's beat detection thresholds. This comparison sug-

1 Stimuli and method gests t.hat mod_ulation detection was no_t sufficient in itself to
' result in matching of the frequency region where the modu-
“Flat” formant stimuli were used in this study. The am- |ation occurred.
plitudes of the background components remained fixed. The  More recently, Hall and Grosé€1991) and Moore and
formant components were amplitude modulated with a perigacon(1993 have investigated subjects’ abilities to identify
odic waveform designed to be representative of the low-ratg,hich frequency component in a complex soutwlo or six
beat patterns derived from simulated auditory fllterlng tharmonic Componen):svvas Sinusoida”y amp"tude modu-
stimuli in the previous experiments. The modulation wave-jated. Hall and Grose presented two-component signals with
form was composed of the first 13 harmonics of 5 Hz whoserequencies of 1 and 2 kHz and asked subjects to identify
amplitudes corresponded to af 1#pectral envelope. This which component was amplitude modulated. Thresholds
spectral composition roughly reflects that found in several ofjavem,, values of 0.05 to 0.27. Moore and Bacon found
the FM stimuli in the auditory simulations described in SeC.that Subjects’ identification performance was well above
V. Fluctuation rates forAFO stimuli depend on harmonic chance Wi’[hmrmS values of 0.35 and 0.71, when a probe
rank but have regions with the rates included in this modutomponent was presented either before or after the complex
lation waveform for all formant comparisons at thresholdsjgnal containing a single modulated harmonic. The values
except the highest CF formant in Experiment 4. The phas@om both of these studies agree with our thresholds. In ad-
relations were arbitrarily chosen from those found in the amyition, Moore and Bacon tested identification of single,
plltude envelope of a frequency'mOdUIated test formant Withfnodu|ated components in Six_component Comp|exesl
a 1700-Hz CF after passing through an auditory filter cenThresholdm,, values varied from 0.14 to 0.22, indicating
tered on 1500 Hz. The AM was applied such that the meamhat sensitivity may be greater to the “odd man out” in
level for each component of the test formant over the duramylticomponent backgrounds than in the presence of a single
tion of the tone Corresponded to the fixed level of the baCkunmodu|ated Component_ The authors suggest that the modu-
ground Components. This ensured that all test stimuli haqbtion of a Sing|e Component may promote its perceptua' seg-
equal rms levels. For these stimuli, low-rate AM is localizedregation, but that it is more difficult to then decide which

Only in the region of the flat formant. The 250-Hz fluctua- Component was modulated in the tWO_Component Comp|ex
tions are still present in channels between lower harmonighan in the six-component complex.

components and in all higher-frequency channels.

A 16-turn adaptive tracking procedure was used WithB, Comparison of model output across experiments
interleaved presentation of the three target &85, 750, i i
1250 H2. The dependent variable was the rms modulation Of.mterest fo'r the present study is the amount of modu-
index(m,,¢. This value varied from 0 to 0.3 in steps of 0.03. Iatlo; (ljnfthehregr]orrdof theh_test fr:)rmant ;hat gxlce_eds_ thﬁt
After training, five threshold estimates for each target for-"¢€d€ or threshold matching when such modulation is the

mant were collected for two highly trained subjettfse au- only source of information. In fluctuation profiles for thresh-
thors old stimuli in experiment 6, the 0.1%,,,; value was recov-

ered perfectly in the low-pass filtered envelopes in channels
centered on or between the modulated components. Such
) ) _ was not the case in the unfiltered envelopes in whghg

_The results show that subjects could identify the spectrafyas contaminated with the fundamental frequency or in the
region in which beating was located and use this cue to peljigh-pass filtered envelopes in which only the components
form the target matching task. The rms modulation index,ear 250 Hz were visible. In order to be able to compare
needed for this identification was in the range 0.11-0.2205e simulations with those for stimuli presented in noise, a

The means were 0.15, 0.16, 0.15 for target formants of 378,iny noise floor was also added to threshold AM stimuli and
750, and 1250 Hz, respectively. Tukey—Kramer comparisonge fiuctuation profile was computed from low-pass and
across the five threshold estimates for each subject Show?ﬁ'gh-pass filtered envelop@s.

that the differences in mean threshold between target CFs Figures 8 and 9 present thm,,. values computed on
were not significan{the critical difference ap=0.05 was low-pass and high-pass filtered envelopes, respectively, at

2. Results

0.073. each CF for a given test formant in each experiment after the
, ] corresponding values derived from threshold stimuli in ex-
3. Discussion periment 6 have been subtractésim,,). Thus, values be-

Thresholds for detection of beating between two closelylow zero are interpreted as being too small to allow formant
spaced frequency componeri®ughly equivalent to sine matching on the basis of this cue aloneAlfn, is greater
wave AM) have been measured by Rie€l©28 and Vi- than zero, this cue may be useful if the fluctuation profiles
emeiste(1979. For a carrier frequency of 1 kHz and a level for the two formants are sufficiently different. For stimuli
of 50 dB SPL, the modulation index at detection thresholdfrom experiments 1, 2, and &uied the value 0.15 was
varies from 0.03 to 0.120.02—0.08 in terms ah,,,spresum-  simply subtracted at all CFs since this threshold was nearly
ing sinusoidal modulationdepending on the modulation fre- constant across test formants. Profiles from the stimuli of

1748 J. Acoust. Soc. Am., Vol. 100, No. 3, September 1996 C. M. H. Marin and S. McAdams: Auditory beats 1748



—O— 325/375 Mz -~ 700/750 Hz ~}~ 1100/1250 Hz

—@— 700/750 Hz ~A— 110011250 Hz —B- 1700/1750 Hz
Gammatone filter CF (kHz)
AR ¥ s 1 2 x5 1
aExp1 7 0.8% 'i i 0.7% 'i 1 0.3%
3 3 3 4
21 2 - 2
1 A A
0 0 0
-1 4 \Q. -1 -1
-'2 L) Ll L L) 1 .'2 Ll LJ LJ L -'2 Li L | 1] L
6 10 14 18 22 6 10 14 18 22 6 10 14 18 22
b) Exp 2 i ] 0.7% i | 13% i i 1.1%
3 - 3 - 3 -
2 2 - 2 -
14 A - 14
0 0 0
1 preaiioedty houteAlnlin | ] coBedelg
-2 L L ¥ T L -'2 1 1 T L] -'2 L L] L L
6 10 14 18 22 6 10 14 18 22 6 10 14 18 22
C) Exp3 i ] 0.9% i i 11% i ] 0.9%
3 3 - 3 4
§ 21 2 4 2 1
g 1 R 14
-1 1 -1 -1 4
-2 r T ' ' -2 r ' ' r -2 T r T y
6 10 14 18 22 6 10 14 18 22 6 10 14 18 22
d) Exp 4 'i i 0.5% 'i i 0.1%
3 - 3 -
2 2
1 - A 4
0 0
-1 -1 1
-2 1 T L] T ] -2 L] L T T
6 10 14 18 22 6 10 14 18 22
e)Exp5 ° 13% S 0.3%
e 4
3 4 3 -
2 - .2 1
1 1 ¥
-1 4 -1
'.2 1 1 ) ) | '.2 L L) L] L]
6 10 14 18 22 6 10 14 18 22
Gammatone filter CF
(ERB-rate)

FIG. 8. Differences in rms modulation indéxm,,) between threshold stimuli in experiments 1-5 and those in experim@vitt6or without a pink noise

floor as appropriajeas measured from model output. The difference is plotted as a function of the CF of the gammatone filter. Pairs of test formants are
presented in columns and experiments are presented in()w®). The m,,s values(see textare computed on low-pass filtered envelopes for gammatone

filters centered on or between harmonics in the frequency region around the test formant. The textured region indicates the range of vgfigtiongs

the ten different pink noise samples used in experiments 3 and 5. The values in the upper right-hand corner of each panel are the threshold rms FM width or
AF, used in the analysis.
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FIG. 9. Am,,, for threshold stimuli in experiments 1-5 computed on high-pass filtered envelepesig. 8 caption

experiments 3 and fink noise flooy were derived by sub- noise floor waveform varied. Recall that ten separate noise
tracting the corresponding profiles for each threshold tessamples were used and were randomly selected for each
stimulus in experiment 6 presented against a noise floor. Thistimulus presentation. In order to give a sense of the possible
latter computation is not totally adequate since the profileeffect of the different noise samples, the range of variation in

would vary in detail on a stimulus-to-stimulus basis as theAm,,,s across the ten noise waveforms is indi-
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cated as the textured region in FigcB(experiment 3and  ther a slightly faster periodicity resulting from overlapping
(e) (experiment 5 For our interpretations below, we con- test components in th&F stimuli, or a separate periodicity
sider points lying within this noise range to be unreliable forthat modulates around this value resulting from overlapping
performing the task since they could be confounded withtest components in the FM stimuli. Similar interactions be-
those obtained from the noise floor in the absence of anfween envelope periodicities are found on the lower fre-
harmonic stimulus. Further, this representation probablhyuency side of higher-CF, flat-formant test sounds. In this
overestimates sensitivity to modulation depth for higher-ratevay, a lower-rate envelope fluctuation results from interac-
fluctuations which Viemeiste1979 has shown to be less tion of two higher-rate envelope fluctuations, a phenomenon
than for low-rate modulation. perhaps akin to beats of mistuned consonand@smp,

It is of particular interest to compare the figures for FM 1976. Comparing fluctuation profiles for high-pass filtered
or AF, across conditions expected to reduce beafifig.  envelopes(Fig. 9), it becomes clear that sufficieltm,n
8(a)—(c) and(d)—(e), respectively. For normal-formant FM values are obtained for threshold stimuli only in experiments
stimuli at threshold(experiment 1, one or both formants 1,2, and 4. However, the differences between profiles for the
create a significant amount of AM in the channels centeregair of test formants are very small in all cases. In experi-
near the test and background components that are nearyents 3 and %pink noise floor§ the fluctuation profiles do
equal in amplitude. The channels in which this AM occurshot exceed the variation due to the noise floor. So detection
are different for each formant and discrimination of theseof modulation due to higher-rate fluctuations would not ap-
fluctuation patterns is a likely cue for target matching. Apear to be a useful cue for formant matching.
similar explanation seems tenable for normal-formaAift, We cannot completely rule out, on the basis of these
stimuli (experiment 4 Note that for threshold performance data, the possibility that the detection of differences in peri-
for both AF, and FM, Am,, is largely above zero, being odicity and shape of the higher-rate envelope fluctuations
greater than 0.2 for at least one of two formants in all casegnay have allowed detection of the frequency region of the
This suggests that the effectiveness of a pure modulatiofest formant and thus its matching to the target formant in
index-related cue is less in these stimuli than in simple AMcases in which the modulation index itself did not distinguish
stimuli. between test formants. However, results from experiment 6

Now we can contrast these curves with those represenfuggest that detection or discrimination of such differences
ing the envelope fluctuations present in stimuli designed ténay not be sufficient in the present target matching para-
reduce low-rate beatinexperiments 2, 3, and)5Note that ~ digm. Further, work by Viemeistef1979 on temporal
the Am,,, values are well below zero for all formants in modulation transfer functions for broadband noise suggests

experiment 2. This result would suggest that the beating thdfat sensitivity to modulation frequencies around 250 Hz is
is present is not useful for target matching. For stimuli withMuch less than that at low modulation frequencies. It seems
noise floors, theAm, ¢ values vary around zero but rarely Ilk.ely that greater differences would be needed to perform
exceed the range of variation due to the different noisdhis task.

samples. While this might suggest some residual detectabil-

ity, we feel we are justified in rejecting this hypothesis for VI. CONCLUSIONS

three reasons. First, the actual pattern of variation differg1) Thresholds for matching spectrally embedded, frequency
from one noise sample to the next and the variation between modulated targets are higher than FM detection thresh-
samples is approximately equivalent to that found between olds for nonembedded sounds, suggesting that detect-
the two formants being compared. As such, it is difficult to ability of FM is not sufficient to perform this task.
imagine that the difference in fluctuation profile shown in(2) Elimination of low-rate beats due to both interactions of
Fig. 8 would allow reliable matching across noise samples. nearby test and background components and tracing of

Second, for a given noise sample, the, values do not formant spectral envelopes increased matching thresh-
increase monotonically with the values of either dependent olds for higher-CF target formants that were modulated
variable(rms modulation width oA F ), indicating that there in frequency. Introduction of a noise floor gave no fur-

is no reliable information in the depth of low-rate fluctuation ther increase in thresholds. Beating induced by fre-
that would allow the subject to perform the task. Thirdly, the  quency modulation of target components would thus
differences in profile between pairs of test formants at seem to contribute significantly to target matching per-
threshold values of the dependent variable are very small formance.

compared to those in threshold stimuli from experiments 1(3) Target matching thresholds with fundamental frequency

and 4[compareg(a) with (c) and(d) with (e) in Fig. 8]. It thus mistuning of normal formants are much lower than those
seems unlikely that detection of low-rate fluctuations was found for vowel identification, most likely because a
used to perform the matching task for flat formant stimuli. simple detection of the frequency region of beating be-

Nonetheless, closer examination of the unfiltered model tween test formant and background would allow perfor-
outputs resulting from flat-formant and flat-formant-plus- mance of this task. The particularly low threshold for
pink-noise stimuli reveals some apparent periodic fluctua- higher CF formant$0.1% mistuningj suggests that sub-
tions in channels at and above the one centered on the high- jects used fine-grained temporal information induced by
est component of the test formant. In this region, there the mistuning, although computer simulations suggest
appears to be an interaction between a 250-Hz periodicity that the modulation depth itself is insufficient to explain
resulting from overlapping background components and ei- this effect.
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(4) Elimination of low-rate beating and the addition of a was a factor of §6.7 s.d) higher than the mean of the other four subjects.
noise floor significantly increaselF , thresholds and alll All other subject means were within 1.5 s.d. of the group mean. As such we
the more so for lower CF targets. This increase at theconsidered this data point an outlier and removed it from subsequent data

. . analyses.
lower CF target was much greater fAFO stimuli than 3It is, of course, possible that the thresholds would not be identical in quiet

for FM stimuli, suggesting that modulated targets createang in noise. However, the spectra of the filtered envelopes for the AM
additional, low-rate fluctuation cues not available with stimuli in noise still reveal prominent components at the multiples of 5 Hz
static targets in stimuli with partially resolved harmon- in channels centered on the modulated components.
ics. It is likely that this cue is related to the AM induced
in auditory filters by the FM.

(5) Comparisons of experimental measures of threshold AM
depth necessary to perform the matching task with mea-
sures of within-channel modulation index derived from Bregman, A. S. and Doehring, |P1984)._ “Fusion of simultan_eous tonal
computer simulations of auditory filtering suggested that g“s?/iib ;E;Sg’éezoglp_azrggemess and simple frequency refations,” Percept.
low-rate beats contributed to performance with normaICarIyon, R. P.(i99]). “Discriminating between coherent and incoherent
formants but were unlikely to have played a role for flat frequency modulation of complex tones,” J. Acoust. Soc. /49, 329—
formant stimuli. 340.

(6) Therefore, low-rate beating in specific frequency regions~arlyon, R. P.(1992. “The psychophysics of concurrent sound segrega-
is a likely cue for the perception of frequency modulated 107" Philos. Trans. R. Soc. London, Ser. 386, 347355, .

. . . Chalikia, M. H., and Bregman, A. $1989. “The perceptual segregation of
harmonic target sources that are embedded in an Inter'simultaneous auditory signals: Pulse train segregation and vowel segrega-
fering harmonic background and whose spectral charac-tion,” Percept. Psychophy6, 487—496.
teristics are known or predictable. One wonders whetheculling, J. F., and Darwin, C. J1993. “Perceptual separation of simulta-
this mechanism may not be responsible for the increasedneous vowels: within and across-formant grouping Fy,” J. Acoust.
perceptual prominence found for frequency modulated SO¢: AM.93, 3454-3467. )
vowels in multivowel mixtures that cannot be explained Culling, J. ., and Summerfield, @L999. “The role of frequency modu-

. . . . lation in the perceptual segregation of concurrent vowels,” J. Acoust. Soc.
on the basis of segregatiq€ulling and Summerfield,  an. 9s 837-846.

1995; McAdams, 1989 Further, low-rate beats are a cutting, J. E(1976. “Auditory and linguistic processes in speech percep-
|ike|y cue for detecting embedded harmonic targets that tion: inferences from six fusions in dichotic listening,” Psychol. R&8,
are mistuned with respect to the background. However, 114-140.

. . . e CheveigneA. (1993. “Separation of concurrent harmonic sounds: Fun-
in the absence of this cue, target sounds can still bg damental frequency estimation and a time-domain cancellation model of

perceived at sufficient mistuning from the background, ,gitory processing,” J. Acoust. Soc. A3, 3271-3290.
suggesting additional contributions of either the patterrde cheveigheA., McAdams, S., Laroche, J., and Rosenberg, (1895.
of higher-periodicity beating(mistuned consonances “Identification of concurrent harmonic and inharmonic vowels: A test of

and/or perceptual Segregatlon on the baSIS of polyperlod_the theory of harmonic cancellation and enhancement,” J. Acoust. Soc.
Am. 97, 3736-3748.

icity itself. Demany, L., and Semal, G1989. “Detection thresholds for sinusoidal
frequency modulation,” J. Acoust. Soc. Ar@5, 1295-1301.
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